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Abstract  
This  paper  describes  a  PC-based  controller for  robot- 

assisted  minimally  invasive  surgery,  capable of accurate 
execution of preoperative  plans  under  X-ray  monitoring. 
The  prototype of a  recently  developed  surgical  robot i s  en- 
hanced  with  a  hybrid,  position  and  compliance,  control 
algorithm  enabling  manual  operation  and  obstacle  detec- 
t ion.  In an  experimental  procedure  under  development,  
the  robot  is  used  as  the  surgical  instrument,  moved ini- 
tially  by  the  surgeon  under  position  accommodation  con- 
trol,  and  then  under  hybrid  control  tracking  the  planned 
trajectory.   The  surgical  robot  is   a  clean-room  PUMA 
260 manipulator   interfaced  to  a  personal  computer  replac- 
ing  the VAL controller.  The  control  cycle  is  reduced  to 
8ms,  thus  significantly  improving  the  original  robot  per- 
formance.   Prel iminary  tes ts   have  shown good results  un- 
der  position  and  hybrid  control,  and  the  system  readiness 
for  more  realist ic  experiments  using biological  samples. 

1. Introduction 
Minimally invasive surgery is a prime  candidate 

for the development of robot-assisted  procedures that 
could improve treatment quality, medical personnel 
safety, and reduce the overall surgery  cost. For ex- 
ample,  lumbar  radiculopathy  due to herniated disks 
can  be effectively treated using percutaneous discec- 
tomy, a minimally invasive surgery that requires the 
precise positioning of a guide needle against the le- 
sion. This  procedure  can be improved by using a 
robotic  arm because of the simplicity of the surgical 
gesture  required.  Percutaneous discectomy consists 
of the removal of the prolapsed  tissue by inserting the 
surgical tools  across a small skin incision until  they 
reach the herniated  disk.  The tools are guided by a 
needle initially  positioned by the surgeon. The needle 
is inserted  into  the  patient following a  linear  trajec- 
tory, whose length  and  orientation  can  be precisely 
computed  during  pre-operative  planning. 

By equipping a small  robot  with  a  surgical needle, 
a  robot-assisted discectomy consisting of three  main 
phases is proposed in [9]. In the first  phase, the sur- 
geon would position the  tip of the needle at the  start- 
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ing  point of the insertion, by guiding the  robot  as if it 
were a passive mechanical device. During the second 
phase, the manipulator would autonomously  assume 
the planned needle orientation, and would initiate  the 
motion  towards the prolaxed  tissue.  Finally,  upon 
reaching the  target  area,  the  robot would stop  and 
the surgeon would continue the procedure by hand. 
This  approach would increase the precision of the op- 
eration,  and provide  additional  safety  for the medical 
personnel.  During needle insertion  in fact,  the  sur- 
geon normally relies on fluoroscopic images and pa- 
tient feedback to avoid damaging  nerves  and blood 
vessels. During a robot-assisted  surgery, the needle 
motion  can  monitored  remotely by the surgeon in a 
location  protected by the X-rays, as shown in Fig- 
ure  reffigpuma. 

In  spite of the need for robot-assisted  surgery, 
very few commercial robots  have the performance 
needed by surgical  operations,  and  none  has a cost 
compatible  with the budget of a research  laboratory. 
In the  past, researchers have proposed methods  to 
improve the performance of commercial  robotic  ma- 
nipulators, which would eventually  lead to  their use 
in  surgical  procedures. An earlier  approach is docu- 
mented  in [l, 111, and is based  on  reducing the control 
cycle of a standard  PUMA  manipulator,  to improve 
position and  trajectory  tracking  control. Successive 
work has focused on  making the PUMA  manipula- 
tors  more accessible to  programmers, by developing 
the Robot  Control  C  Library  (RCCL) for Unix work- 
stations [5, 7,8]. The increased  computation power of 
economic personal  computers (PC) allows now to use 
this technology for controlling  a manipulator. For 
example,  a  PC-based  system  connected to  a robot 
controller via a serial  interface is presented in [lo]. 
Using this  system,  the  operator  can select a specific 
control law, set the controller  gains, and compile the 
control law into a  program to  be downloaded to  the 
robot  controller.  In [4] a PC-based  controller for a 
dexterous  manipulator is described, which integrates 



Figure 1: The PC-controlled  surgical  PUMA. 

in a single off-the-shelf PC  robot control and  operator 
interface  functions.  A cost effective solution, specifi- 
cally designed for minimally invasive surgeries is de- 
scribed  in [2], and  it consists of a PC interfaced to a 
PUMA 260 using simple  hardware  enhancements,  and 
parts of the public  domain  software  library  RCCL. 

This  paper describes the enhancements  made to 
the system of [2] to  allow position and compliance 
control of the robot  motions, combined in a hybrid 
controller [12] located  in the  PC.  The paper is orga- 
nized as follows. Next Section gives a brief description 
of the system  architecture.  In  Section 3, we summa- 
rize the features of the position and compliance con- 
trol  algorithms used.  Section 4 describes  our  current 
experiments of hybrid  control. Finally, in Section 5 
we summarize this work and present  our future re- 
search  plans. 

2. The System Architecture 
For completeness, this section briefly describes 

the main  components of the PC-based  PUMA con- 
troller [2]. The  architecture design is driven by the 
need of interfacing standard  laboratory equipment to 
the PUMA family of manipulators.  The  hardware 
of the PC-based  surgical  workstation consists of a 
PUMA 260 manipulator, a personal  computer,  an As- 

surance Technology Inc. (ATI) 6-axis  Force-Torque 
(FT) sensor, and a solid state  TV camera,  as shown 
schematically in Figure 1. The PUMA is interfaced 
to  the  PC via  serial and parallel ports.  The serial 
port is used for the initial  set-up  and for downloading 
the software  resident  in the PUMA  controller. The 
parallel port is used during  normal  operation,  to ex- 
change data between the  PC  and  the PUMA  servo 
controllers. The  PC first down-loads a program called 
moper to  the PUMA  controller  box, and  then  initiates 
the control/communication cycle, by starting  moper. 
This  program replaces the  trajectory  generator  in  the 
original VAL controller, and  acts  as a data acquisi- 
tion  and dispatcher for the PUMA  joint controllers, 
exchanging position and  set  point  data  with a trajec- 
tory  generator  located  in the  PC. 

The  PC software is implemented using the DOS 
operating  system,  and is organized in the following 
threads: 
(i)  An interrupt handler activated by the real-time 
clock of the CMOS memory at 125 p s  interval. 
(ii) A main program for the housekeeping functions. 
(iii) A graphical user  interface for command  input. 
(iv)  The trajectory  controller activated every 8 ms. 
( v )  The FT sensor  acquisition. 

The  interaction  among  the  tasks is schematically 
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Figure 2: Schematic  layout of the  PC controller. 

represented in Figure 2, where the program flow is 
shown by the arrows  connecting the various  threads. 
The controller  software starts with the main task (a ) ,  
followed  by the user  interface ( b ) .  The clocks ( d )  and 
(e), the control (e )  and  the  FT acquisition ( f )  threads 
are all started by a new motion  command. The  tra- 
jectory is finished at (g), when the clocks are  turned 
off and  the user  interface is enabled  again. The  FT 
sensor  processor  acquires the eight  strain-gauge val- 
ues in approximately 2ms,  and  transmits  them  to 
the PC in 2 5 0 ~ s .  The communication  between the 
PC  and  the  PUMA  takes  about  4ms,  thus leaving 
another  4 ms for the control  algorithms. 

3. The  Control System 
The  manipulator control  system  consists of a tra- 

jectory  generator,  located  on  the PC, where the  tra- 
jectory  set-points  are  entered,  and  the  joint  servo con- 
trollers,  located  in the  PUMA electronic  box. The 
connection  between the two programs is provided by 
the communication  program moper, resident in the 
PUMA, which collects data from the PUMA  joint 
controllers  and  exchanges data with the  trajectory 
generator  located  in  the PC.  The ability to enhance 
the  PUMA  manipulator  with  more  advanced  features, 
such as force and compliance  control,  hinges on the 
possibility of reducing the control cycle of the  PUMA 
joint  controllers,  from its original 28ms  to a shorter 
cycle suitable for force  control. The  joint controllers 
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Figure 3: Diagram of the software  timing 

execute the position  control  loop at a fix interval 
T = 896 p s ,  but  they  update  their  set  point  at a vari- 
able  interval which can  be  set at  initialization  time. 
The original  PUMA  controller sets  this  interval to 
32 x T ,  which results  in  the  28ms position update 
cycle characteristic of the PUMA  Mark I,II, and I11 
controllers. 

Following the  direction provided  in [ll, 3, 61, and 
after  examining the  joint controller  code, the moper 
program was modified to initialize the  set  point up- 
date period of the  joint  controllers to 8 x T ,  which pro- 
duces a control cycle of approximately 8 ms. The next 
lower cycle of 4ms  cannot  be used with the current 
configuration, since data exchange and  handshake sig- 
nals  between  moper and  the  trajectory  generator  on 
the PC take  approximately 4 m s  each  set  point  up- 
date. 

Recalling the proposed  robot-aided  procedure 
mentioned in Section 1, one  can think of the robot 
as  functioning  in  two  different  modes.  During the 
initial  phase,  the  surgeon  holds the needle by hand 
and moves the  robot  as if it were a passive  mechani- 
cal device.  Here, the  robot is under position accom- 
modation control, and  the forces sensed at the wrist 
modify the  robot position  set point, making the  robot 
follow the surgeon hand. During the needle  insertion, 
the  robot is moved under a quasi-hybrid  control,  in 
which one of the axis of the  task reference  frame is 
controlled  in  compliance  mode, and  the  other axes 
are in position  control  mode. This hybrid  controller 
differs from  similar  controllers [12], since  no  explicit 
force control is used.  This  variation is necessary to 
ensure that  both position and force  control  set  points 
are  not exceeded during  needle  insertion. 
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Figure 4: Block diagram of the control  system. 

The hybrid  controller  operates  in task  coordinate 
frame, which ensures that  the surgical  tool does not 
exceed the maximum forces allowed. The  character- 
istic of the  robot  trajectory  during needle insertion 
justifies the use of the hybrid  controller.  In this case 
in fact,  the  task  frame in which compliance  and posi- 
tion  control are decomposed  remains  constant  during 
needle insertion.  The force control  direction,  i.e.  the 
approach  vector of the  robot motion  corresponding 
to  the needle  axis, is also  constant  in  the  task  frame, 
and  therefore the decomposition of the force feedback 
with  respect to  the  robot  trajectory can  be  carried out 
in advance  before starting  the motion. 

During the first  phase of the procedure,  the  robot 
is controlled  in position  accommodation mode,  and 
the force  error F,(s) = F, - F ( s )  is used as the po- 
sition  command input.  The reference force is F, = 0 
and  the force  controller K f ( s )  generates the neces- 
sary control  action so that  the robot  motion zeros 
the sensed forces F ( s ) .  The expression for K ( s )  is 
given by: 

K f  ( s )  = k,  + - ki 

s + rf 
where k, and Ici are  the  proportional  and integral 
force feedback  gains,  respectively,  and rf is a suitable 
filter constant. 

During needle insertion the  robot is controlled 
by the hybrid  controller which guarantees that  the 
needle does  not exceed the maximum force threshold 
and  tracks  the prescribed trajectory.  The position 
controller relies on the  PUMA  joint servo  controllers 
to ensure  good trajectory  tracking.  The position  set 
points are  computed using the cycloidal  interpolation 
given  by the following equations: 

2.0T 
T w = -  

wt - sin(wt) 
2 .or s =  

w(1 - cos(wt)) s =  
2 .on 

sin(wt)w2 
2.07r 

s =  (5) 

where s ,  j. and 3 are respectively the value of the 
distance  parameter  on the  trajectory,  its first time 
derivative, its second time derivative, T is the  total 
motion  time, and t is time.  This  interpolation  en- 
sures that  the end  points of the  trajectory have  zero 
velocity and  acceleration. 

The compliance part of the hybrid  controller is 
conceptually  identical to  the force  controller,  and is 
implemented as  an  outer feedback  loop around  the in- 
ner  position  controller.  Here,  force  feedback is used to 
reduce the stiffness of the position  controller when the 
needle reaches an obstacle. This allows the feedback 
forces F ( s )  to alter  the  the reference  position X,(s ) ,  
and  eventually stop  the needle. The compliance con- 
troller used is given by the following equations: 

K c ( s )  = IC1 + - k2 

s + rc 

where Icl and k2 are  the controller  gains,  and rc is 
a  suitable  filter  constant.  Under  compliance  control, 
the  manipulator  behaves  as a spring  with  apparent 
stiffness determined by the controller  gains. 

Figure 3 shows the block diagram of the posi- 
tion  and  hybrid  control  schemes. The initial selec- 
tion of the surgery  phase  determines the  control  type 
and  the gains of the controllers. Then  the  trajectory 
generator  produces  constant  set  points,  during  the 
initial  force-controlled  phase,  or  send the set  points 
of the needle insertion  phase to  the  PUMA.  The 



Figure 5: Plot of the position  control  experiment. 
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Figure 6: Plot of the tracking  error. 

force/compliance  controller modifies the position  set 
points to  account for the feedback from the force sen- 
sor. 

4. Experimental Results 
In  this section, we report on our  current  tests with 

the PUMA 260 manipulator used under  position and 
force control  modes. 

The plot of a typical  position  control  experiment 
is shown in  Figures  4 and 5. The experiment consists 
of moving the  robot  arm along a straight line trajec- 
tory, from the  initial position ( X  = 187.39mm, y = 
-126.24~1~1, z = -9.81mm),  to  the final position 

with constant needle orientation. 
The  purpose of these  tests is primarily to  evaluate 

the effects of the  trajectory generation and commu- 
nication  protocol on  the  tracking performance of the 
arm.  Figure  5 shows that  the  arm tracks the cycloidal 
Cartesian  motion  trajectories  accurately. The maxi- 
mum tracking  error for this experiment is of 0.2mm, 
and is characteristic of the trajectories in the range 

( X  = 236.56mm, y = -126.24mm, z = -18.76mm), 
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Figure 7: Plot of the forces during  manual motion. 
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10 to  15cm traversed at a velocity of 3 to   10mm/s,  
typical of discectomy procedures. 

Figures  6 and 7 show an example of the first  phase 
of the surgical  procedure,  during which an  operator 
moves the PUMA arm by hand, holding the needle as 
if it were a surgical instrument. Before the  starting of 
the  trajectory,  the PUMA is positioned so that  the Z 
axis of the wrist,  corresponding to  the needle, lies on 
a plane  parallel to  the XY world frame. The PUMA 
is then moved  by pulling the needle in the positive 
direction of the Z axis,  as shown by the values of 
the forces displayed in  Figure  6.  Figure  7 shows the 
plot of the motion whose primary  component is in 
the positive Z direction of the wrist reference frame. 



Since no  control of the secondary  motion  directions is 
implemented yet, the plot shows small  motion  drifts 
in the X and Y  directions,  compatible  with the X and 
Y forces shown in  Figure 6. These  secondary  motions 
give a qualitative  idea of the sensitivity of the force 
control, since a few grams  applied to  the needle are 
sufficient to  move the PUMA arm. 

5. Conclusions 
A few significant enhancements to a  robotic work- 

station for surgical  procedures are described in this 
paper.  The  workstation is PC-based and uses a 
PUMA 260 manipulator controlled by algorithms lo- 
cated  in the  PC.  The enhancements described consist 
of the development of a hybrid  position/compliance 
controller for the  manipulator, which was made pos- 
sible by the reduction of the control  period of the 
PUMA  manipulator. The force and hybrid  controllers 
are motivated by the requirements of surgical proce- 
dure for which the system is being developed. The 
force control is used during the initial  phase of a 
percutaneous discectomy, when the surgeon uses the 
robot  as a manual  instrument to position the  tip of 
a  surgical needle on the patient body. The hybrid 
controller is used during  the second phase of the pro- 
cedure, when the medical  personnel is removed from 
the  patient  and  monitors remotely the position of the 
needle through fluoroscopic images. 

The  experiments  carried  out so far show that 
the PC-based  controller is able to  handle successfully 
the position and force control of PUMA  with  sub- 
millimeter position  errors. Force experiments have 
shown good sensitivity to  manual  input,  and  the ca- 
pability of precisely follow the operator  hand  motions. 

In  the  future, we plan to  test extensively the sur- 
gical workstation  during  realistic  operating  room ex- 
periments. We also  plan to  start experiments of force 
control  on biological tissues, to  define the require- 
ments of robotic  systems for these  applications. We 
will also improve the overall safety of the  system, by 
developing appropriate  calibration procedures, force 
monitoring when using the flexible surgical needle, 
kinematic  analysis of trajectory singularities, and ex- 
ternal sensors. 
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